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Abstract	 ﾠ
The	 ﾠuse	 ﾠof	 ﾠtitanium	 ﾠalloys	 ﾠin	 ﾠbiomedical	 ﾠapplications	 ﾠcontinues	 ﾠto	 ﾠincrease	 ﾠdue	 ﾠ
to	 ﾠthe	 ﾠexcellent	 ﾠstiffness	 ﾠto	 ﾠweight	 ﾠratio	 ﾠand	 ﾠhigh	 ﾠcorrosion	 ﾠresistance.	 ﾠIn	 ﾠorder	 ﾠ
to	 ﾠimprove	 ﾠthe	 ﾠsurface	 ﾠwettability	 ﾠand	 ﾠcorrosion	 ﾠproperties	 ﾠof	 ﾠa	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠalloy,	 ﾠ
the	 ﾠsurface	 ﾠtreatment	 ﾠmethod,	 ﾠlarge	 ﾠarea	 ﾠelectron	 ﾠbeam	 ﾠmelting	 ﾠtechnique	 ﾠwas	 ﾠ
investigated.	 ﾠPolished	 ﾠsamples	 ﾠwere	 ﾠsubject	 ﾠto	 ﾠpulsed	 ﾠtreatments	 ﾠof	 ﾠ1,	 ﾠ15	 ﾠand	 ﾠ25	 ﾠ
at	 ﾠ1.38	 ﾠJ/cm2	 ﾠbeam	 ﾠenergy.	 ﾠSurface	 ﾠroughness	 ﾠand	 ﾠcontact	 ﾠwetting	 ﾠangles	 ﾠwere	 ﾠ
reduced	 ﾠas	 ﾠa	 ﾠresult	 ﾠof	 ﾠthe	 ﾠtreatment.	 ﾠMicrostructural	 ﾠanalysis	 ﾠof	 ﾠthe	 ﾠsurface	 ﾠby	 ﾠ
XRD	 ﾠand	 ﾠFIB-ﾭ‐TEM	 ﾠrevealed	 ﾠa	 ﾠmartensitic	 ﾠalpha	 ﾠprime	 ﾠphase	 ﾠformed	 ﾠas	 ﾠa	 ﾠresult	 ﾠof	 ﾠ
the	 ﾠ high	 ﾠ cooling	 ﾠ rates	 ﾠ induced	 ﾠ by	 ﾠ the	 ﾠ treatment.	 ﾠ The	 ﾠ presence	 ﾠ of	 ﾠ this	 ﾠ
homogenous	 ﾠmartensite	 ﾠlayer	 ﾠwas	 ﾠshown	 ﾠto	 ﾠfacilitate	 ﾠa	 ﾠcompact	 ﾠpassive	 ﾠoxide	 ﾠ
layer	 ﾠ formation	 ﾠ during	 ﾠ corrosion,	 ﾠ thus	 ﾠ improving	 ﾠ corrosion	 ﾠ rates	 ﾠ by	 ﾠ several	 ﾠ
orders	 ﾠof	 ﾠmagnitude	 ﾠcompared	 ﾠto	 ﾠan	 ﾠuntreated	 ﾠsample.	 ﾠLarge	 ﾠarea	 ﾠelectron	 ﾠbeam	 ﾠ
melting	 ﾠ of	 ﾠ Ti-ﾭ‐6Al-ﾭ‐4V	 ﾠ induced	 ﾠ a	 ﾠ number	 ﾠ of	 ﾠ changes	 ﾠ to	 ﾠ the	 ﾠ near	 ﾠ surface	 ﾠ
microstructure	 ﾠof	 ﾠthe	 ﾠsamples,	 ﾠall	 ﾠof	 ﾠwhich	 ﾠcould	 ﾠbe	 ﾠused	 ﾠto	 ﾠtailor	 ﾠmechanical	 ﾠ
and	 ﾠcorrosion	 ﾠproperties	 ﾠto	 ﾠthat	 ﾠof	 ﾠa	 ﾠdesired	 ﾠapplication,	 ﾠwithout	 ﾠcompromising	 ﾠ
the	 ﾠbulk	 ﾠmaterial	 ﾠproperties.	 ﾠThese	 ﾠare	 ﾠexplored	 ﾠin	 ﾠdetail	 ﾠin	 ﾠthis	 ﾠwork.	 ﾠ
	 ﾠ
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 ﾠIntroduction	 ﾠ
Titanium	 ﾠalloys	 ﾠhave	 ﾠseen	 ﾠextensive	 ﾠapplication	 ﾠin	 ﾠthe	 ﾠbiomedical	 ﾠsector,	 ﾠwhere	 ﾠ
their	 ﾠhigh	 ﾠstiffness	 ﾠto	 ﾠweight	 ﾠratio,	 ﾠosseo-ﾭ‐integration	 ﾠand	 ﾠrelative	 ﾠresistance	 ﾠto	 ﾠ
corrosion	 ﾠin-ﾭ‐vivo	 ﾠhave	 ﾠmeant	 ﾠwidespread	 ﾠapplication	 ﾠin	 ﾠorthopaedic	 ﾠdevices	 ﾠand	 ﾠ
dental	 ﾠimplants	 ﾠ[1-ﾭ‐5].	 ﾠThe	 ﾠadvantage	 ﾠof	 ﾠtitanium	 ﾠover	 ﾠother	 ﾠmetallic	 ﾠmaterials	 ﾠ
such	 ﾠas	 ﾠcobalt	 ﾠchromium	 ﾠor	 ﾠstainless	 ﾠsteel	 ﾠresides	 ﾠin	 ﾠtheir	 ﾠlower	 ﾠelastic	 ﾠmodulus	 ﾠ
which	 ﾠcan	 ﾠreduce	 ﾠinstances	 ﾠof	 ﾠstress	 ﾠshielding	 ﾠand	 ﾠencourage	 ﾠimproved	 ﾠbone	 ﾠ
recovery	 ﾠ and	 ﾠ growth	 ﾠ as	 ﾠ a	 ﾠ result.	 ﾠ Despite	 ﾠ the	 ﾠ good	 ﾠ corrosion	 ﾠ resistance	 ﾠ of	 ﾠ
titanium	 ﾠalloys,	 ﾠthis	 ﾠcan	 ﾠbe	 ﾠcompromised	 ﾠin-ﾭ‐vivo	 ﾠby	 ﾠthe	 ﾠremoval	 ﾠof	 ﾠthe	 ﾠnascent	 ﾠ
surface	 ﾠoxide	 ﾠlayer	 ﾠby,	 ﾠfor	 ﾠexample,	 ﾠtribological	 ﾠasperity	 ﾠcontact	 ﾠevents	 ﾠ[6].	 ﾠIn	 ﾠ
order	 ﾠ to	 ﾠ improve	 ﾠ the	 ﾠ manufacture	 ﾠ and	 ﾠ surface	 ﾠ properties	 ﾠ of	 ﾠ titanium	 ﾠ alloys,	 ﾠ
extensive	 ﾠ research	 ﾠ has	 ﾠ been	 ﾠ conducted	 ﾠ into	 ﾠ surface	 ﾠ modification	 ﾠ techniques	 ﾠ
such	 ﾠ as	 ﾠ laser	 ﾠ or	 ﾠ electron	 ﾠ beam	 ﾠ melting	 ﾠ of	 ﾠ titanium	 ﾠ alloys	 ﾠ to	 ﾠ produce	 ﾠ novel	 ﾠ
microstructures	 ﾠ[1,	 ﾠ7-ﾭ‐12].	 ﾠMore	 ﾠrecently,	 ﾠthe	 ﾠadvent	 ﾠof	 ﾠLarge	 ﾠArea	 ﾠElectron	 ﾠBeam	 ﾠ
Melting	 ﾠ(LAEBM)	 ﾠhas	 ﾠshown	 ﾠthat	 ﾠa	 ﾠlow	 ﾠenergy	 ﾠdefocused	 ﾠpulsed	 ﾠelectron	 ﾠbeam	 ﾠ
treatment	 ﾠcan	 ﾠinduce	 ﾠhigh	 ﾠcooling	 ﾠrates	 ﾠin	 ﾠthe	 ﾠsurface	 ﾠof	 ﾠelectrically	 ﾠconducting	 ﾠ
metals,	 ﾠ such	 ﾠ that	 ﾠ non-ﾭ‐equilibrium	 ﾠ phases	 ﾠ are	 ﾠ readily	 ﾠ formed	 ﾠ [13-ﾭ‐16].	 ﾠ The	 ﾠ
technique	 ﾠoffers	 ﾠthe	 ﾠpossibility	 ﾠof	 ﾠmodifying	 ﾠthe	 ﾠsurface	 ﾠlayer	 ﾠ(5-ﾭ‐40µm)	 ﾠonly,	 ﾠ
such	 ﾠthat	 ﾠthe	 ﾠbulk	 ﾠmechanical	 ﾠproperties	 ﾠof	 ﾠcomponents	 ﾠare	 ﾠleft	 ﾠun-ﾭ‐affected	 ﾠby	 ﾠ
the	 ﾠtreatment.	 ﾠRecent	 ﾠwork	 ﾠusing	 ﾠthis	 ﾠtechnique	 ﾠon	 ﾠa	 ﾠnumber	 ﾠof	 ﾠpure	 ﾠand	 ﾠalloyed	 ﾠ
titanium	 ﾠ compositions	 ﾠ has	 ﾠ shown	 ﾠ that	 ﾠ corrosion	 ﾠ resistance	 ﾠ appears	 ﾠ to	 ﾠ be	 ﾠ
improved	 ﾠ[17-ﾭ‐23].	 ﾠThe	 ﾠpresent	 ﾠresearch	 ﾠseeks	 ﾠto	 ﾠfurther	 ﾠthe	 ﾠunderstanding	 ﾠof	 ﾠ
this	 ﾠeffect	 ﾠby	 ﾠinvestigating	 ﾠthe	 ﾠsurface	 ﾠcorrosion	 ﾠbehaviour	 ﾠof	 ﾠa	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠalloy	 ﾠ
subject	 ﾠto	 ﾠLAEBM	 ﾠtreatment	 ﾠthrough	 ﾠa	 ﾠdetailed	 ﾠunderstanding	 ﾠof	 ﾠmicrostructure	 ﾠ
evolution.	 ﾠUnderstanding	 ﾠthe	 ﾠchanges	 ﾠin	 ﾠsurface	 ﾠmicrostructure	 ﾠusing	 ﾠa	 ﾠfocused	 ﾠ
ion	 ﾠbeam	 ﾠ(FIB)	 ﾠtransmission	 ﾠelectron	 ﾠmicroscopy	 ﾠ(TEM)	 ﾠtechnique	 ﾠwill	 ﾠenable	 ﾠ
surface	 ﾠand	 ﾠsub-ﾭ‐surface	 ﾠcontributions	 ﾠto	 ﾠbe	 ﾠdetermined.	 ﾠ
2	 ﾠExperimental	 ﾠProcedure	 ﾠ
2.1	 ﾠMaterial	 ﾠPreparation	 ﾠ
Samples	 ﾠ of	 ﾠ wrought	 ﾠ Ti-ﾭ‐6Al-ﾭ‐4V	 ﾠ were	 ﾠ prepared	 ﾠ as	 ﾠ cylindrical	 ﾠ samples	 ﾠ of	 ﾠ 9mm	 ﾠ
diameter	 ﾠand	 ﾠ4mm	 ﾠthickness	 ﾠusing	 ﾠelectro-ﾭ‐discharge	 ﾠmachining.	 ﾠThe	 ﾠcylindrical	 ﾠ
surfaces	 ﾠof	 ﾠeach	 ﾠsample	 ﾠwere	 ﾠflat	 ﾠlapped	 ﾠusing	 ﾠa	 ﾠKemet	 ﾠ15	 ﾠlapping	 ﾠmachine	 ﾠand	 ﾠdiamond	 ﾠabrasives	 ﾠdown	 ﾠto	 ﾠ6μm	 ﾠand	 ﾠfinished	 ﾠby	 ﾠhand	 ﾠusing	 ﾠa	 ﾠ1μm	 ﾠdiamond	 ﾠ
cloth	 ﾠwheel.	 ﾠ
2.2	 ﾠPulsed	 ﾠElectron	 ﾠBeam	 ﾠTreatment	 ﾠ
The	 ﾠpolished	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠsurfaces	 ﾠwere	 ﾠirradiated	 ﾠusing	 ﾠa	 ﾠSodick	 ﾠPF32A	 ﾠmachine,	 ﾠ
a	 ﾠschematic	 ﾠof	 ﾠwhich	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ1.	 ﾠThe	 ﾠmachine	 ﾠconsists	 ﾠof	 ﾠa	 ﾠsample	 ﾠ
chamber,	 ﾠwhich	 ﾠwas	 ﾠpurged	 ﾠof	 ﾠair	 ﾠwith	 ﾠnitrogen	 ﾠand	 ﾠpressurized	 ﾠto	 ﾠ0.05Pa	 ﾠwith	 ﾠ
argon	 ﾠgas	 ﾠwhich	 ﾠis	 ﾠthe	 ﾠmedium	 ﾠused	 ﾠfor	 ﾠplasma	 ﾠbuild	 ﾠup.	 ﾠIn	 ﾠthis	 ﾠtechnique,	 ﾠa	 ﾠ
solenoid	 ﾠcoil	 ﾠproduces	 ﾠa	 ﾠmagnetic	 ﾠfield,	 ﾠat	 ﾠthe	 ﾠmaximum	 ﾠintensity	 ﾠof	 ﾠwhich	 ﾠa	 ﾠ
pulsed	 ﾠvoltage	 ﾠof	 ﾠ5	 ﾠkV	 ﾠis	 ﾠapplied	 ﾠto	 ﾠthe	 ﾠanode	 ﾠand	 ﾠPenning	 ﾠdischarge	 ﾠis	 ﾠinitiated.	 ﾠ
After	 ﾠa	 ﾠduration	 ﾠof	 ﾠ50-ﾭ‐100	 ﾠµs,	 ﾠthe	 ﾠcurrent	 ﾠof	 ﾠthe	 ﾠPenning	 ﾠdischarge	 ﾠreaches	 ﾠ150-ﾭ‐
170	 ﾠA,	 ﾠand	 ﾠa	 ﾠplasma	 ﾠcolumn	 ﾠis	 ﾠformed	 ﾠnear	 ﾠthe	 ﾠanode.	 ﾠAfter	 ﾠa	 ﾠdelay	 ﾠtime	 ﾠof	 ﾠ10-ﾭ‐
30	 ﾠµs,	 ﾠan	 ﾠaccelerating	 ﾠvoltage	 ﾠof	 ﾠ15kV	 ﾠused	 ﾠin	 ﾠthis	 ﾠstudy,	 ﾠwith	 ﾠa	 ﾠrise	 ﾠtime	 ﾠof	 ﾠ20-ﾭ‐
100	 ﾠns	 ﾠis	 ﾠapplied	 ﾠto	 ﾠthe	 ﾠcathode.	 ﾠThe	 ﾠelectric	 ﾠfield	 ﾠis	 ﾠconcentrated	 ﾠin	 ﾠa	 ﾠnear-ﾭ‐
cathode	 ﾠion	 ﾠlayer	 ﾠand	 ﾠreaches	 ﾠvalues	 ﾠof	 ﾠup	 ﾠto	 ﾠ400	 ﾠkV/cm.	 ﾠExplosive	 ﾠemission	 ﾠ
takes	 ﾠplace	 ﾠon	 ﾠthe	 ﾠcathode	 ﾠcausing	 ﾠa	 ﾠnumber	 ﾠof	 ﾠcathode	 ﾠspots	 ﾠ(dense	 ﾠplasma	 ﾠ
clouds)	 ﾠto	 ﾠappear	 ﾠand	 ﾠemit	 ﾠelectrons.	 ﾠThe	 ﾠapplied	 ﾠvoltage	 ﾠis	 ﾠconcentrated	 ﾠin	 ﾠa	 ﾠ
double-ﾭ‐layer,	 ﾠ between	 ﾠ the	 ﾠ cathode	 ﾠ plasma	 ﾠ and	 ﾠ the	 ﾠ anode	 ﾠ plasma,	 ﾠ in	 ﾠ which	 ﾠ
electrons	 ﾠare	 ﾠaccelerated	 ﾠand	 ﾠthe	 ﾠbeam	 ﾠis	 ﾠformed.	 ﾠThe	 ﾠelectron	 ﾠbeam	 ﾠaccelerated	 ﾠ
in	 ﾠ the	 ﾠ double	 ﾠ layer	 ﾠ is	 ﾠ transported	 ﾠ through	 ﾠ the	 ﾠ anode	 ﾠ plasma	 ﾠ to	 ﾠ a	 ﾠ collector	 ﾠ
cathode	 ﾠwhere	 ﾠthe	 ﾠwork	 ﾠpiece	 ﾠis	 ﾠplaced.	 ﾠSamples	 ﾠwere	 ﾠtreated	 ﾠat	 ﾠ15kV	 ﾠcathode	 ﾠ
voltage	 ﾠfor	 ﾠ1,	 ﾠ15	 ﾠor	 ﾠ25	 ﾠpulses,	 ﾠtranslating	 ﾠto	 ﾠan	 ﾠenergy	 ﾠinput	 ﾠof	 ﾠ1.38	 ﾠJ/cm2	 ﾠ[24],	 ﾠ
with	 ﾠconstant	 ﾠtime	 ﾠbetween	 ﾠpulses	 ﾠof	 ﾠ11	 ﾠseconds.	 ﾠ
	 ﾠ
	 ﾠ	 ﾠ
Figure	 ﾠ1.	 ﾠSchematic	 ﾠof	 ﾠthe	 ﾠSodick	 ﾠPF32A	 ﾠelectron	 ﾠbeam	 ﾠmelting	 ﾠmachine.	 ﾠ
	 ﾠ
2.3	 ﾠSurface	 ﾠRoughness	 ﾠ
Surface	 ﾠroughness	 ﾠprofiles	 ﾠwere	 ﾠdetermined	 ﾠusing	 ﾠan	 ﾠAlicona	 ﾠInfinite	 ﾠFocus	 ﾠnon-ﾭ‐
contact	 ﾠprofilometer.	 ﾠThe	 ﾠtechnique	 ﾠutilises	 ﾠa	 ﾠfocal	 ﾠplane	 ﾠvariation	 ﾠapproach	 ﾠto	 ﾠ
re-ﾭ‐construct	 ﾠ 3-ﾭ‐dimensional	 ﾠ topography	 ﾠ of	 ﾠ surfaces.	 ﾠ Surfaces	 ﾠ of	 ﾠ both	 ﾠ pre	 ﾠ and	 ﾠ
post-ﾭ‐EBM	 ﾠtreated	 ﾠsamples	 ﾠwere	 ﾠreconstructed	 ﾠand	 ﾠaverage	 ﾠsurface	 ﾠroughness	 ﾠ
(Ra)	 ﾠvalues	 ﾠwere	 ﾠdetermined	 ﾠfrom	 ﾠ1.25mm	 ﾠtrace	 ﾠlengths,	 ﾠfiltered	 ﾠaccording	 ﾠto	 ﾠ
ISO	 ﾠ 4287	 ﾠ using	 ﾠ a	 ﾠ LC	 ﾠ cut-ﾭ‐off	 ﾠ wavelength	 ﾠ filter	 ﾠ of	 ﾠ 0.25mm.	 ﾠ A	 ﾠ total	 ﾠ of	 ﾠ 8	 ﾠ
measurements	 ﾠwere	 ﾠmade	 ﾠper	 ﾠsample,	 ﾠwith	 ﾠthe	 ﾠhighest	 ﾠand	 ﾠlowest	 ﾠvalues	 ﾠbeing	 ﾠ
excluded	 ﾠfrom	 ﾠcalculations	 ﾠof	 ﾠmean	 ﾠand	 ﾠstandard	 ﾠdeviation	 ﾠvalues.	 ﾠ
2.4	 ﾠSurface	 ﾠEnergy	 ﾠ
The	 ﾠsurface	 ﾠwettability	 ﾠof	 ﾠthe	 ﾠcontrol	 ﾠand	 ﾠEBM	 ﾠtreated	 ﾠsurfaces	 ﾠwas	 ﾠassessed	 ﾠ
using	 ﾠa	 ﾠKruss	 ﾠDSA-ﾭ‐100	 ﾠdrop	 ﾠshape	 ﾠanalyser.	 ﾠ1ml	 ﾠsessile	 ﾠdrops	 ﾠof	 ﾠdistilled	 ﾠwater	 ﾠ
were	 ﾠ pipetted	 ﾠ onto	 ﾠ each	 ﾠ surface	 ﾠ and	 ﾠ imaged	 ﾠ with	 ﾠ a	 ﾠ digital	 ﾠ camera.	 ﾠ Circular	 ﾠ
fitting	 ﾠpattern	 ﾠsoftware	 ﾠwas	 ﾠused	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠcontact	 ﾠangle	 ﾠthat	 ﾠthe	 ﾠwater	 ﾠ
made	 ﾠwith	 ﾠthe	 ﾠsurface	 ﾠat	 ﾠeach	 ﾠapex.	 ﾠA	 ﾠminimum	 ﾠof	 ﾠfive	 ﾠdrops	 ﾠper	 ﾠsample	 ﾠwere	 ﾠ
used	 ﾠto	 ﾠmeasure	 ﾠan	 ﾠaverage	 ﾠand	 ﾠstandard	 ﾠdeviation	 ﾠerror	 ﾠfor	 ﾠeach	 ﾠsurface.	 ﾠ
2.5	 ﾠElectrochemical	 ﾠbehaviour 
The	 ﾠcorrosion	 ﾠcharacteristics	 ﾠof	 ﾠvarious	 ﾠtreated	 ﾠspecimens	 ﾠwere	 ﾠevaluated	 ﾠby	 ﾠ
measuring	 ﾠopen	 ﾠcircuit	 ﾠpotentials	 ﾠ(OCP)	 ﾠand	 ﾠcyclic	 ﾠpolarization	 ﾠcurves	 ﾠ(CPC).	 ﾠ	 ﾠAll	 ﾠ
electrochemical	 ﾠ measurements	 ﾠ were	 ﾠ performed	 ﾠ in	 ﾠ aerated	 ﾠ solutions	 ﾠ using	 ﾠ a	 ﾠpotentiostat	 ﾠ(Gamry	 ﾠREF600,	 ﾠUSA)	 ﾠand	 ﾠan	 ﾠelectrochemical	 ﾠmultiplexer	 ﾠ(Gamry	 ﾠ
ECM8,	 ﾠ USA)	 ﾠ in	 ﾠ a	 ﾠ Faraday	 ﾠ cage	 ﾠ at	 ﾠ room	 ﾠ temperature.	 ﾠ 	 ﾠ A	 ﾠ graphite	 ﾠ rod	 ﾠ and	 ﾠ a	 ﾠ
double-ﾭ‐junction	 ﾠ Ag/AgCl	 ﾠ in	 ﾠ 3.5M	 ﾠ KCl	 ﾠ electrode	 ﾠ were	 ﾠ used	 ﾠ as	 ﾠ counter	 ﾠ and	 ﾠ
reference	 ﾠelectrodes,	 ﾠrespectively.	 ﾠ	 ﾠThe	 ﾠdisc	 ﾠspecimen	 ﾠas	 ﾠworking	 ﾠelectrode	 ﾠwas	 ﾠ
embedded	 ﾠwithin	 ﾠa	 ﾠplastic	 ﾠsample	 ﾠholder	 ﾠwith	 ﾠa	 ﾠgeometrically	 ﾠexposed	 ﾠsurface	 ﾠ
area	 ﾠof	 ﾠ0.283	 ﾠcm2.	 ﾠ
	 ﾠ
All	 ﾠelectrochemical	 ﾠtests	 ﾠwere	 ﾠconducted	 ﾠby	 ﾠmonitoring	 ﾠOCPs	 ﾠfor	 ﾠ1h	 ﾠfollowed	 ﾠby	 ﾠ
cyclic	 ﾠpolarization	 ﾠmeasurements.	 ﾠ	 ﾠCyclic	 ﾠpolarization	 ﾠcurves	 ﾠwere	 ﾠcarried	 ﾠout	 ﾠ
up	 ﾠto	 ﾠthe	 ﾠapplied	 ﾠpotential	 ﾠof	 ﾠ+4.0V	 ﾠagainst	 ﾠthe	 ﾠmeasured	 ﾠOCP	 ﾠor	 ﾠthe	 ﾠanodic	 ﾠ
current	 ﾠdensity	 ﾠof	 ﾠ0.050mA/cm2	 ﾠat	 ﾠa	 ﾠscan	 ﾠrate	 ﾠof	 ﾠ0.5mV/s.	 ﾠ	 ﾠ
	 ﾠ
2.6	 ﾠSurface	 ﾠMicrostructural	 ﾠAnalysis	 ﾠ
Scanning	 ﾠelectron	 ﾠmicroscopy	 ﾠof	 ﾠthe	 ﾠEBM	 ﾠtreated	 ﾠsurfaces	 ﾠwas	 ﾠcarried	 ﾠout	 ﾠusing	 ﾠ
a	 ﾠZeiss	 ﾠNVision	 ﾠ40	 ﾠdual	 ﾠbeam	 ﾠFEG-ﾭ‐SEM	 ﾠmicroscope	 ﾠoperating	 ﾠat	 ﾠ5kV	 ﾠaccelerating	 ﾠ
voltage	 ﾠ and	 ﾠ x5000	 ﾠ magnification.	 ﾠ The	 ﾠ machine	 ﾠ is	 ﾠ equipped	 ﾠ with	 ﾠ a	 ﾠ Ga+	 ﾠ liquid	 ﾠ
metal	 ﾠfocused	 ﾠion	 ﾠbeam	 ﾠsource,	 ﾠwhich	 ﾠwas	 ﾠused	 ﾠto	 ﾠinvestigate	 ﾠthe	 ﾠsub-ﾭ‐surface	 ﾠ
micro-ﾭ‐structural	 ﾠbehaviour	 ﾠof	 ﾠthe	 ﾠsample	 ﾠtreated	 ﾠat	 ﾠ15kV	 ﾠand	 ﾠ25	 ﾠpulses	 ﾠafter	 ﾠ
electro-ﾭ‐chemical	 ﾠcorrosion.	 ﾠThe	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠsample	 ﾠwas	 ﾠfirst	 ﾠprotected	 ﾠfrom	 ﾠ
beam	 ﾠdamage	 ﾠby	 ﾠdeposition	 ﾠof	 ﾠa	 ﾠlayer	 ﾠof	 ﾠcarbon	 ﾠfrom	 ﾠa	 ﾠpre-ﾭ‐cursor	 ﾠgas.	 ﾠDuring	 ﾠ
the	 ﾠ initial	 ﾠ stages	 ﾠ of	 ﾠ ion-ﾭ‐assisted	 ﾠ deposition,	 ﾠ damage	 ﾠ to	 ﾠ the	 ﾠ upper	 ﾠ few	 ﾠ nano-ﾭ‐
meters	 ﾠcan	 ﾠoccur.	 ﾠAs	 ﾠsuch,	 ﾠan	 ﾠelectron-ﾭ‐assisted	 ﾠdeposition	 ﾠof	 ﾠcarbon	 ﾠwas	 ﾠutilised	 ﾠ
prior	 ﾠto	 ﾠaccelerated	 ﾠion-ﾭ‐beam	 ﾠdeposition,	 ﾠto	 ﾠbuild	 ﾠup	 ﾠa	 ﾠprotective	 ﾠsurface	 ﾠlayer	 ﾠ
approximately	 ﾠ1μm	 ﾠthick.	 ﾠThe	 ﾠfocused	 ﾠion	 ﾠbeam	 ﾠwas	 ﾠthen	 ﾠused	 ﾠat	 ﾠan	 ﾠaccelerating	 ﾠ
voltage	 ﾠof	 ﾠ30kV	 ﾠto	 ﾠsputter	 ﾠmaterial	 ﾠfrom	 ﾠeither	 ﾠside	 ﾠof	 ﾠthe	 ﾠcarbon	 ﾠdeposition	 ﾠat	 ﾠ
beam	 ﾠcurrents	 ﾠbetween	 ﾠ150pA-ﾭ‐3nA.	 ﾠOnce	 ﾠthe	 ﾠsample	 ﾠwas	 ﾠapproximately	 ﾠ1μm	 ﾠin	 ﾠ
thickness	 ﾠit	 ﾠwas	 ﾠcut	 ﾠfrom	 ﾠthe	 ﾠsample	 ﾠsurface	 ﾠand	 ﾠextracted	 ﾠusing	 ﾠKliendiek	 ﾠmicro	 ﾠ
manipulators	 ﾠ and	 ﾠ fixed	 ﾠ to	 ﾠ a	 ﾠ copper	 ﾠ TEM	 ﾠ grid,	 ﾠ prior	 ﾠ to	 ﾠ thinning	 ﾠ to	 ﾠ electron	 ﾠ
transparency	 ﾠat	 ﾠa	 ﾠbeam	 ﾠcurrent	 ﾠof	 ﾠ80pA.	 ﾠ
	 ﾠ
2.7	 ﾠTransmission	 ﾠElectron	 ﾠMicroscopy	 ﾠ
The	 ﾠthinned	 ﾠTEM	 ﾠlamella	 ﾠwas	 ﾠinvestigated	 ﾠby	 ﾠthe	 ﾠZeiss	 ﾠNVision40,	 ﾠoperating	 ﾠat	 ﾠ
30kV	 ﾠin	 ﾠSTEM	 ﾠmode.	 ﾠA	 ﾠmixture	 ﾠof	 ﾠbright	 ﾠand	 ﾠdark	 ﾠfield	 ﾠmodes	 ﾠwere	 ﾠused	 ﾠto	 ﾠgather	 ﾠ images	 ﾠ from	 ﾠ the	 ﾠ four-ﾭ‐quadrant	 ﾠ electron	 ﾠ detector.	 ﾠ For	 ﾠ higher	 ﾠ
magnification	 ﾠanalysis	 ﾠa	 ﾠJEOL	 ﾠ2100F	 ﾠTEM	 ﾠoperating	 ﾠat	 ﾠ200kV	 ﾠwas	 ﾠused	 ﾠto	 ﾠgather	 ﾠ
bright	 ﾠ and	 ﾠ dark	 ﾠ field	 ﾠ TEM	 ﾠ and	 ﾠ STEM	 ﾠ images	 ﾠ as	 ﾠ well	 ﾠ as	 ﾠ electron	 ﾠ energy	 ﾠ loss	 ﾠ
spectroscopy	 ﾠprofiles	 ﾠfrom	 ﾠthe	 ﾠcorroded	 ﾠsurface.	 ﾠ
3	 ﾠResults	 ﾠ
3.1	 ﾠSurface	 ﾠRoughness	 ﾠValues	 ﾠ
The	 ﾠmeasured	 ﾠaverage	 ﾠsurface	 ﾠroughness	 ﾠof	 ﾠthe	 ﾠthree	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠsamples	 ﾠbefore	 ﾠ
and	 ﾠafter	 ﾠthe	 ﾠpulsed	 ﾠelectron	 ﾠbeam	 ﾠtreatment	 ﾠis	 ﾠshown	 ﾠin	 ﾠTable	 ﾠ1,	 ﾠbelow.	 ﾠIt	 ﾠcan	 ﾠ
be	 ﾠseen	 ﾠthat	 ﾠvariations	 ﾠin	 ﾠthe	 ﾠhand	 ﾠpolishing	 ﾠprocess	 ﾠresulted	 ﾠin	 ﾠinitial	 ﾠsurface	 ﾠ
roughness	 ﾠdifferences	 ﾠof	 ﾠaround	 ﾠ37nm.	 ﾠWhilst	 ﾠit	 ﾠappeared	 ﾠthat	 ﾠa	 ﾠsingle	 ﾠpulse	 ﾠat	 ﾠ
15kV	 ﾠappeared	 ﾠto	 ﾠincrease	 ﾠthe	 ﾠsurface	 ﾠroughness,	 ﾠthe	 ﾠ7nm	 ﾠdifference	 ﾠcould	 ﾠbe	 ﾠ
considered	 ﾠ within	 ﾠ the	 ﾠ error	 ﾠ bounds	 ﾠ of	 ﾠ one	 ﾠ standard	 ﾠ deviation.	 ﾠ It	 ﾠ was	 ﾠ clear	 ﾠ
however	 ﾠthat	 ﾠsamples	 ﾠirradiated	 ﾠfor	 ﾠa	 ﾠlarger	 ﾠnumber	 ﾠof	 ﾠpulses	 ﾠof	 ﾠ15	 ﾠand	 ﾠ25	 ﾠ
experienced	 ﾠa	 ﾠdrop	 ﾠin	 ﾠtheir	 ﾠsurface	 ﾠroughness	 ﾠof	 ﾠ25	 ﾠand	 ﾠ31	 ﾠnm	 ﾠrespectively,	 ﾠ
compared	 ﾠto	 ﾠthe	 ﾠinitial	 ﾠvalues.	 ﾠ
	 ﾠ
Sample	 ﾠ Pre	 ﾠEBM	 ﾠ
Roughness,	 ﾠRa	 ﾠ(nm)	 ﾠ
Post	 ﾠEBM	 ﾠ
Roughness,	 ﾠRa	 ﾠ(nm)	 ﾠ
Difference	 ﾠ(nm)	 ﾠ
15kV,	 ﾠ1	 ﾠPulse	 ﾠ 100	 ﾠ±	 ﾠ5	 ﾠ 107	 ﾠ±	 ﾠ5	 ﾠ +	 ﾠ7	 ﾠ
15kV,	 ﾠ15	 ﾠPulses	 ﾠ 137	 ﾠ±	 ﾠ11	 ﾠ 112	 ﾠ±	 ﾠ4	 ﾠ -ﾭ‐	 ﾠ25	 ﾠ
15kV,	 ﾠ25	 ﾠPulses	 ﾠ 125	 ﾠ±	 ﾠ8	 ﾠ 94	 ﾠ±	 ﾠ7	 ﾠ -ﾭ‐	 ﾠ31	 ﾠ
Table	 ﾠ1.	 ﾠThe	 ﾠinfluence	 ﾠof	 ﾠnumber	 ﾠof	 ﾠpulses	 ﾠon	 ﾠthe	 ﾠaverage	 ﾠsurface	 ﾠroughness,	 ﾠRa,	 ﾠof	 ﾠthe	 ﾠtreated	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠsamples.	 ﾠError	 ﾠ
bounds	 ﾠare	 ﾠone	 ﾠstandard	 ﾠdeviation.	 ﾠ
3.2	 ﾠSurface	 ﾠMorphology	 ﾠ
Figure	 ﾠ2	 ﾠa)	 ﾠshows	 ﾠa	 ﾠsecondary	 ﾠelectron	 ﾠimage	 ﾠof	 ﾠthe	 ﾠuntreated	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠsurface	 ﾠ
after	 ﾠmechanical	 ﾠpolishing.	 ﾠClearly	 ﾠvisible	 ﾠwere	 ﾠthe	 ﾠmechanical	 ﾠpolishing	 ﾠmarks	 ﾠ
in	 ﾠthe	 ﾠsurface	 ﾠas	 ﾠa	 ﾠresult	 ﾠof	 ﾠthe	 ﾠdiamond	 ﾠpolishing	 ﾠstage.	 ﾠFigure	 ﾠ2	 ﾠb)	 ﾠshows	 ﾠthe	 ﾠ
sample	 ﾠtreated	 ﾠat	 ﾠ15kV	 ﾠwith	 ﾠa	 ﾠsingle	 ﾠpulse.	 ﾠIt	 ﾠwas	 ﾠnoticeable	 ﾠthat	 ﾠsome	 ﾠof	 ﾠthe	 ﾠ
polishing	 ﾠ marks	 ﾠ had	 ﾠ been	 ﾠ removed	 ﾠ from	 ﾠ the	 ﾠ surface	 ﾠ as	 ﾠ a	 ﾠ result	 ﾠ of	 ﾠ the	 ﾠ EBM	 ﾠ
treatment,	 ﾠhowever,	 ﾠmany	 ﾠof	 ﾠthe	 ﾠdeeper	 ﾠscratches	 ﾠstill	 ﾠremained.	 ﾠThis	 ﾠwould	 ﾠ
result	 ﾠin	 ﾠa	 ﾠsimilar	 ﾠaverage	 ﾠsurface	 ﾠroughness	 ﾠvalue,	 ﾠas	 ﾠdiscussed	 ﾠabove,	 ﾠas	 ﾠthe	 ﾠ
measure	 ﾠof	 ﾠRa	 ﾠis	 ﾠsimply	 ﾠan	 ﾠarithmetic	 ﾠmeasure	 ﾠof	 ﾠthe	 ﾠmean	 ﾠdeviation	 ﾠof	 ﾠall	 ﾠpoints	 ﾠ
from	 ﾠan	 ﾠidealised	 ﾠsurface.	 ﾠIt	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠin	 ﾠFigure	 ﾠ2	 ﾠc)	 ﾠ&	 ﾠd)	 ﾠthat	 ﾠthe	 ﾠincreased	 ﾠ
number	 ﾠof	 ﾠpulses	 ﾠhad	 ﾠresulted	 ﾠin	 ﾠa	 ﾠcomplete	 ﾠremoval	 ﾠof	 ﾠall	 ﾠpolishing	 ﾠmarks	 ﾠand	 ﾠ
the	 ﾠemergence	 ﾠof	 ﾠan	 ﾠequiaxed	 ﾠmicrostructure.	 ﾠIt	 ﾠwas	 ﾠinteresting	 ﾠto	 ﾠnote	 ﾠthat	 ﾠthere	 ﾠappeared	 ﾠto	 ﾠbe	 ﾠan	 ﾠincrease	 ﾠin	 ﾠthe	 ﾠsurface	 ﾠgrain	 ﾠsize	 ﾠbetween	 ﾠ15	 ﾠand	 ﾠ25	 ﾠ
pulses,	 ﾠfrom	 ﾠgrains	 ﾠthat	 ﾠappeared	 ﾠto	 ﾠbe	 ﾠsub-ﾭ‐micron	 ﾠin	 ﾠFigure	 ﾠ2	 ﾠc)	 ﾠto	 ﾠgreater	 ﾠthan	 ﾠ
2	 ﾠmicrons	 ﾠin	 ﾠFigure	 ﾠ2	 ﾠd).	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
a)	 ﾠPolished	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠalloy	 ﾠ 	 ﾠ b)	 ﾠ1	 ﾠPulse,	 ﾠ15kV	 ﾠ
	 ﾠ 	 ﾠ 	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
c)	 ﾠ15	 ﾠPulses,	 ﾠ15kV	 ﾠ 	 ﾠ 25	 ﾠPulses,	 ﾠ15kV	 ﾠ
Figure	 ﾠ2.	 ﾠScanning	 ﾠelectron	 ﾠmicroscopy	 ﾠimages	 ﾠof	 ﾠthe	 ﾠsurface	 ﾠof	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠEBM	 ﾠ
treated	 ﾠat	 ﾠdifferent	 ﾠconditions.	 ﾠ
3.3	 ﾠSurface	 ﾠEnergy	 ﾠWettability	 ﾠ	 ﾠ
The	 ﾠ LAEBM	 ﾠ treatment	 ﾠ process	 ﾠ also	 ﾠ caused	 ﾠ a	 ﾠ simultaneous	 ﾠ drop	 ﾠ in	 ﾠ observed	 ﾠ
contact	 ﾠangles,	 ﾠFigure	 ﾠ3.	 ﾠThe	 ﾠcontrol	 ﾠspecimen	 ﾠwas	 ﾠthe	 ﾠroughest	 ﾠof	 ﾠall	 ﾠsurfaces	 ﾠ
and	 ﾠexhibited	 ﾠthe	 ﾠmost	 ﾠhydrophobic	 ﾠbehaviour	 ﾠwith	 ﾠa	 ﾠwetting	 ﾠangle	 ﾠof	 ﾠ79.4˚.	 ﾠA	 ﾠ
reduction	 ﾠ in	 ﾠ the	 ﾠ roughness	 ﾠ as	 ﾠ a	 ﾠ result	 ﾠ of	 ﾠ the	 ﾠ EBM	 ﾠ process	 ﾠ improved	 ﾠ the	 ﾠ
hydrophilic	 ﾠnature	 ﾠof	 ﾠthe	 ﾠsurfaces,	 ﾠalthough	 ﾠa	 ﾠlinear	 ﾠtrend	 ﾠwas	 ﾠnot	 ﾠobserved.	 ﾠ
Instead	 ﾠ there	 ﾠ appeared	 ﾠ to	 ﾠ be	 ﾠ an	 ﾠ optimal	 ﾠ roughness	 ﾠ for	 ﾠ attaining	 ﾠ the	 ﾠ lowest	 ﾠ
surface	 ﾠenergy,	 ﾠwith	 ﾠcontact	 ﾠangles	 ﾠof	 ﾠ53˚	 ﾠand	 ﾠ48˚	 ﾠfor	 ﾠthe	 ﾠsingle	 ﾠpulse	 ﾠand	 ﾠ15	 ﾠ
pulse	 ﾠ treated	 ﾠ surfaces,	 ﾠ respectively.	 ﾠ Interestingly,	 ﾠ whilst	 ﾠ the	 ﾠ 25	 ﾠ pulse	 ﾠ treated	 ﾠ
surface	 ﾠexhibited	 ﾠthe	 ﾠlowest	 ﾠsurface	 ﾠroughness,	 ﾠthe	 ﾠcontact	 ﾠangle	 ﾠwas	 ﾠbetween	 ﾠ
that	 ﾠof	 ﾠthe	 ﾠother	 ﾠtreated	 ﾠsurfaces	 ﾠand	 ﾠthe	 ﾠcontrol.	 ﾠ	 ﾠ
Figure	 ﾠ3.	 ﾠPlot	 ﾠof	 ﾠsurface	 ﾠroughness	 ﾠvs	 ﾠcontact	 ﾠangle	 ﾠfor	 ﾠcontrol	 ﾠand	 ﾠEBM	 ﾠtreated	 ﾠ
Ti-ﾭ‐6Al-ﾭ‐4V	 ﾠsurfaces.	 ﾠ
3.4	 ﾠCorrosion	 ﾠbehaviour	 ﾠ
	 ﾠ
The	 ﾠeffect	 ﾠof	 ﾠLAEBM	 ﾠtreatment	 ﾠon	 ﾠthe	 ﾠcorrosion	 ﾠbehaviour	 ﾠof	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠsamples	 ﾠ
was	 ﾠinvestigated	 ﾠusing	 ﾠdifferent	 ﾠelectrochemical	 ﾠtechniques.	 ﾠOCP	 ﾠmeasurements	 ﾠ
and	 ﾠcyclic	 ﾠpolarization	 ﾠcurves	 ﾠwere	 ﾠused	 ﾠto	 ﾠcharacterise	 ﾠcorrosion	 ﾠproperties	 ﾠin	 ﾠ
3.5%	 ﾠ(wt	 ﾠ%)	 ﾠsolution	 ﾠand	 ﾠall	 ﾠthe	 ﾠtesting	 ﾠresults	 ﾠobtained	 ﾠwith	 ﾠdifferent	 ﾠnumbers	 ﾠ
of	 ﾠpulses	 ﾠwere	 ﾠsummarized	 ﾠin	 ﾠthe	 ﾠTable	 ﾠ2.	 ﾠIt	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠthat	 ﾠthe	 ﾠOCP	 ﾠvalues	 ﾠall	 ﾠ
increased	 ﾠas	 ﾠa	 ﾠresult	 ﾠof	 ﾠincreasing	 ﾠnumber	 ﾠof	 ﾠpulses.	 ﾠ	 ﾠ
 
Cathode	 ﾠ
voltage	 ﾠ(kV)	 ﾠ
Number	 ﾠ
of	 ﾠPulses	 ﾠ
OCP	 ﾠ
(mV)	 ﾠ
Ecorr	 ﾠ
(mV)	 ﾠ
Corrosion	 ﾠrate	 ﾠ
(10-ﾭ‐6	 ﾠmmpy)	 ﾠ
0	 ﾠ 0	 ﾠ -ﾭ‐313.8	 ﾠ -ﾭ‐307.0	 ﾠ 923.2	 ﾠ
15	 ﾠ 1	 ﾠ -ﾭ‐114.6	 ﾠ -ﾭ‐249.0	 ﾠ 17.91	 ﾠ
15	 ﾠ 15	 ﾠ -ﾭ‐66.10	 ﾠ -ﾭ‐166.0	 ﾠ 5.478	 ﾠ
15	 ﾠ 25	 ﾠ -ﾭ‐10.32	 ﾠ -ﾭ‐127.0	 ﾠ 6.439	 ﾠ
Table	 ﾠ2.	 ﾠCorrosion	 ﾠproperties	 ﾠof	 ﾠe-ﾭ‐beam	 ﾠtreated	 ﾠsamples	 ﾠin	 ﾠ3.5%	 ﾠNaCl	 ﾠsolutions.	 ﾠ
	 ﾠ
CPC	 ﾠresults	 ﾠshowed	 ﾠall	 ﾠthe	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠsamples	 ﾠare	 ﾠresistant	 ﾠto	 ﾠpitting	 ﾠand	 ﾠcrevice	 ﾠ
corrosion	 ﾠin	 ﾠ3.5%	 ﾠNaCl	 ﾠsolution	 ﾠat	 ﾠapplied	 ﾠpotentials	 ﾠup	 ﾠto	 ﾠ+	 ﾠ4.0	 ﾠV.	 ﾠThe	 ﾠcorrosion	 ﾠ
potential	 ﾠ (Ecorr)	 ﾠ and	 ﾠ corrosion	 ﾠ rate	 ﾠ were	 ﾠ also	 ﾠ estimated	 ﾠ from	 ﾠ the	 ﾠ CPC	 ﾠ
measurements	 ﾠ and	 ﾠ summarized	 ﾠ in	 ﾠ Table	 ﾠ 2.	 ﾠ The	 ﾠ results	 ﾠ have	 ﾠ been	 ﾠ plotted	 ﾠ in	 ﾠ
Figure	 ﾠ4	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠpulses	 ﾠand	 ﾠagain	 ﾠindicated	 ﾠthat	 ﾠboth	 ﾠOCP	 ﾠand	 ﾠEcorr	 ﾠnotably	 ﾠshifted	 ﾠin	 ﾠnoble	 ﾠdirection	 ﾠwhile	 ﾠcorrosion	 ﾠrates	 ﾠdecrease	 ﾠas	 ﾠ
the	 ﾠnumber	 ﾠof	 ﾠpulses	 ﾠin	 ﾠincreased.	 ﾠ
 
 
Figure 4. Effect of total surface energy input from pulsed EBM on the OCP, Ecorr and 
estimated corrosion rate of Ti-6Al-4V surfaces.	 ﾠ
3.5	 ﾠSub-ﾭ‐surface	 ﾠmicro-ﾭ‐structure	 ﾠ
In	 ﾠorder	 ﾠto	 ﾠunderstand	 ﾠthe	 ﾠimproved	 ﾠsurface	 ﾠcorrosion	 ﾠbehaviour,	 ﾠa	 ﾠFIB	 ﾠthinned	 ﾠ
lamella	 ﾠwas	 ﾠproduced	 ﾠfrom	 ﾠthe	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠ15kV,	 ﾠ25	 ﾠpulse	 ﾠtreated	 ﾠsample,	 ﾠas	 ﾠ
shown	 ﾠin	 ﾠFigure	 ﾠ5.	 ﾠThe	 ﾠdark	 ﾠarea	 ﾠat	 ﾠthe	 ﾠtop	 ﾠwas	 ﾠthe	 ﾠelectron	 ﾠand	 ﾠion	 ﾠdeposited	 ﾠ
carbon	 ﾠlayer.	 ﾠBelow	 ﾠthis	 ﾠwas	 ﾠnoted	 ﾠa	 ﾠthin	 ﾠcontinuous	 ﾠlayer	 ﾠthat	 ﾠwas	 ﾠbright	 ﾠin	 ﾠ
contrast.	 ﾠ The	 ﾠ near	 ﾠ surface	 ﾠ microstructure	 ﾠ appeared	 ﾠ consistent	 ﾠ with	 ﾠ a	 ﾠ sub-ﾭ‐
micron	 ﾠmicrostructure.	 ﾠApproximately	 ﾠ2μm	 ﾠfrom	 ﾠthe	 ﾠsurface	 ﾠthere	 ﾠappeared	 ﾠa	 ﾠ
transition	 ﾠto	 ﾠa	 ﾠmore	 ﾠequiaxed	 ﾠmicron	 ﾠsized	 ﾠgrain	 ﾠstructure,	 ﾠmore	 ﾠconsistent	 ﾠwith	 ﾠ
the	 ﾠalpha-ﾭ‐beta	 ﾠmicrostructure	 ﾠshown	 ﾠto	 ﾠbe	 ﾠpresent	 ﾠin	 ﾠthe	 ﾠXRD	 ﾠresults	 ﾠof	 ﾠFigure	 ﾠ
6.	 ﾠThe	 ﾠXRD	 ﾠresults	 ﾠshowed	 ﾠa	 ﾠgeneral	 ﾠreduction	 ﾠin	 ﾠα	 ﾠpeaks	 ﾠintensity	 ﾠas	 ﾠa	 ﾠresult	 ﾠof	 ﾠ
the	 ﾠLAEBM	 ﾠprocess,	 ﾠcoupled	 ﾠwith	 ﾠa	 ﾠbroadening	 ﾠof	 ﾠthe	 ﾠpeaks	 ﾠaround	 ﾠ38-ﾭ‐40˚.	 ﾠ
	 ﾠ	 ﾠ
Figure	 ﾠ5.	 ﾠSecondary	 ﾠelectron	 ﾠimage	 ﾠof	 ﾠthe	 ﾠextracted	 ﾠFIB	 ﾠlamella	 ﾠsample	 ﾠprior	 ﾠto	 ﾠ
final	 ﾠthinning.	 ﾠ
	 ﾠ	 ﾠ
	 ﾠ
	 ﾠFigure	 ﾠ6.	 ﾠBragg-ﾭ‐Brentano	 ﾠ2θ	 ﾠXRD	 ﾠtrace	 ﾠof	 ﾠpolished	 ﾠand	 ﾠ15kV	 ﾠ25	 ﾠpulse	 ﾠEBM	 ﾠ
treated	 ﾠTi-ﾭ‐6Al-ﾭ‐4V.	 ﾠ
	 ﾠ
Figure	 ﾠ7.	 ﾠBright	 ﾠfield	 ﾠTEM	 ﾠimage	 ﾠof	 ﾠthe	 ﾠ15kV,	 ﾠ25	 ﾠpulse	 ﾠEBM	 ﾠtreated	 ﾠTi	 ﾠsurface	 ﾠ
after	 ﾠcorrosion.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ8.	 ﾠBright	 ﾠ(a)	 ﾠand	 ﾠpseudo-ﾭ‐coloured	 ﾠdark	 ﾠfield	 ﾠ(b)	 ﾠimages	 ﾠof	 ﾠα-ﾭ‐grain	 ﾠnear	 ﾠ
the	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠ15kV,	 ﾠ25	 ﾠpulse	 ﾠEBM	 ﾠtreated	 ﾠTi	 ﾠsample	 ﾠafter	 ﾠcorrosion.	 ﾠc)	 ﾠ
Selected	 ﾠarea	 ﾠdiffraction	 ﾠpattern	 ﾠfrom	 ﾠregion	 ﾠindicated	 ﾠin	 ﾠa).	 ﾠ
	 ﾠ
Figure	 ﾠ7	 ﾠshows	 ﾠa	 ﾠbright	 ﾠfield	 ﾠTEM	 ﾠimage	 ﾠof	 ﾠthe	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠ15kV,	 ﾠ25	 ﾠpulse	 ﾠ
LAEBM	 ﾠ treated	 ﾠ Ti	 ﾠ sample	 ﾠ after	 ﾠ corrosion.	 ﾠ The	 ﾠ near	 ﾠ surface	 ﾠ microstructure	 ﾠ
exhibited	 ﾠ a	 ﾠ fine	 ﾠ acicular	 ﾠ α’	 ﾠ martensite	 ﾠ lathe	 ﾠ structure	 ﾠ within	 ﾠ prior	 ﾠ β	 ﾠ grain	 ﾠ
boundaries.	 ﾠFigure	 ﾠ8	 ﾠshows	 ﾠbright	 ﾠand	 ﾠpseudo-ﾭ‐coloured	 ﾠdark	 ﾠfield	 ﾠimages	 ﾠof	 ﾠthe	 ﾠ
Ti	 ﾠgrains	 ﾠnear	 ﾠthe	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠsample.	 ﾠDark	 ﾠfield	 ﾠimages	 ﾠwere	 ﾠtaken	 ﾠfrom	 ﾠthe	 ﾠ
two	 ﾠspots	 ﾠabout	 ﾠthe	 ﾠ1101	 ﾠpoint	 ﾠand	 ﾠcombined	 ﾠinto	 ﾠa	 ﾠpseudo-ﾭ‐coloured	 ﾠdark-ﾭ‐field	 ﾠ
image,	 ﾠFigure	 ﾠ8	 ﾠb).	 ﾠIt	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠfrom	 ﾠboth	 ﾠthe	 ﾠSAED	 ﾠpattern	 ﾠand	 ﾠdark	 ﾠfield	 ﾠ
image	 ﾠthat	 ﾠα’	 ﾠmartensite	 ﾠtwins	 ﾠwere	 ﾠpresent	 ﾠwithin	 ﾠthe	 ﾠelongated	 ﾠgrains.	 ﾠ
	 ﾠ
The	 ﾠthin	 ﾠsurface	 ﾠlayer	 ﾠnoted	 ﾠin	 ﾠFigure	 ﾠ5	 ﾠis	 ﾠshown	 ﾠin	 ﾠmore	 ﾠdetail	 ﾠin	 ﾠthe	 ﾠHREM	 ﾠ
image	 ﾠin	 ﾠFigure	 ﾠ9.	 ﾠThe	 ﾠgeneral	 ﾠregion	 ﾠmarked	 ﾠ1	 ﾠwas	 ﾠa	 ﾠcrystalline	 ﾠα’-ﾭ‐Ti	 ﾠgrain,	 ﾠ
whilst	 ﾠregion	 ﾠ2	 ﾠwas	 ﾠa	 ﾠsurface	 ﾠoxide	 ﾠlayer	 ﾠapproximately	 ﾠ18nm	 ﾠin	 ﾠthickness.	 ﾠThis	 ﾠ
was	 ﾠconfirmed	 ﾠby	 ﾠan	 ﾠEELS	 ﾠline	 ﾠprofile	 ﾠacross	 ﾠthis	 ﾠsurface	 ﾠlayer,	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ
10.	 ﾠIt	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠthat	 ﾠwhilst	 ﾠthe	 ﾠtitanium	 ﾠcontent	 ﾠof	 ﾠthe	 ﾠlayer	 ﾠwas	 ﾠconstant	 ﾠ
compared	 ﾠ to	 ﾠ the	 ﾠ bulk,	 ﾠ there	 ﾠ was	 ﾠ a	 ﾠ significant	 ﾠ peak	 ﾠ in	 ﾠ the	 ﾠ oxygen	 ﾠ signal	 ﾠ
associated	 ﾠwith	 ﾠthis	 ﾠsurface	 ﾠlayer.	 ﾠRegion	 ﾠ3	 ﾠwas	 ﾠa	 ﾠthin	 ﾠlayer	 ﾠof	 ﾠelectron	 ﾠbeam	 ﾠassisted	 ﾠ deposited	 ﾠ carbon,	 ﾠ approximately	 ﾠ 7nm	 ﾠ thick,	 ﾠ whilst	 ﾠ region	 ﾠ 4	 ﾠ was	 ﾠ the	 ﾠ
amorphous	 ﾠion	 ﾠbeam	 ﾠdeposited	 ﾠcarbon	 ﾠused	 ﾠto	 ﾠprotect	 ﾠthe	 ﾠsample	 ﾠduring	 ﾠthe	 ﾠ
FIB	 ﾠpreparation	 ﾠstage.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ9.	 ﾠHREM	 ﾠimage	 ﾠof	 ﾠthe	 ﾠsurface	 ﾠinterface:	 ﾠ1-ﾭ‐	 ﾠα’-ﾭ‐Ti	 ﾠgrain;	 ﾠ2-ﾭ‐	 ﾠOxide	 ﾠlayer;	 ﾠ3	 ﾠ–	 ﾠ
Electron	 ﾠdeposited	 ﾠcarbon;	 ﾠ4	 ﾠ–	 ﾠIon	 ﾠdeposited	 ﾠcarbon.	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠ10.	 ﾠa)	 ﾠDark	 ﾠfield	 ﾠSTEM	 ﾠimage	 ﾠand	 ﾠb)	 ﾠEELS	 ﾠline	 ﾠprofile	 ﾠacross	 ﾠcorroded	 ﾠ
surface	 ﾠlayer.	 ﾠ
4	 ﾠDiscussion	 ﾠ
4.1	 ﾠSurface	 ﾠProperties	 ﾠ
Large	 ﾠarea	 ﾠelectron	 ﾠbeam	 ﾠmelting	 ﾠof	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠinduced	 ﾠa	 ﾠnumber	 ﾠof	 ﾠchanges	 ﾠto	 ﾠ
the	 ﾠnear	 ﾠsurface	 ﾠmicrostructure	 ﾠof	 ﾠthe	 ﾠsamples,	 ﾠall	 ﾠof	 ﾠwhich	 ﾠcould	 ﾠbe	 ﾠused	 ﾠto	 ﾠ
tailor	 ﾠ mechanical	 ﾠ and	 ﾠ corrosion	 ﾠ properties	 ﾠ to	 ﾠ that	 ﾠ of	 ﾠ a	 ﾠ desired	 ﾠ application,	 ﾠ
without	 ﾠcompromising	 ﾠthe	 ﾠbulk	 ﾠmaterial	 ﾠproperties.	 ﾠ
	 ﾠ
1  2  3 
4 It	 ﾠwas	 ﾠclear	 ﾠfrom	 ﾠthe	 ﾠsurface	 ﾠelectron	 ﾠimages	 ﾠin	 ﾠFigure	 ﾠ2	 ﾠand	 ﾠthe	 ﾠnon-ﾭ‐contact	 ﾠ
surface	 ﾠ profilometry	 ﾠ results	 ﾠ shown	 ﾠ in	 ﾠ Table	 ﾠ 1	 ﾠ that	 ﾠ the	 ﾠ LAEBM	 ﾠ process	 ﾠ had	 ﾠ
resulted	 ﾠin	 ﾠa	 ﾠclear	 ﾠsmoothing	 ﾠof	 ﾠthe	 ﾠsurface	 ﾠarising	 ﾠfrom	 ﾠthe	 ﾠsample	 ﾠpreparation	 ﾠ
process.	 ﾠThis	 ﾠevolution	 ﾠis	 ﾠclearly	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ2.	 ﾠFigure	 ﾠ2	 ﾠb)	 ﾠin	 ﾠparticular	 ﾠ
showed	 ﾠthe	 ﾠinitial	 ﾠstages	 ﾠof	 ﾠelectron	 ﾠbeam	 ﾠinduced	 ﾠsurface	 ﾠpolishing	 ﾠafter	 ﾠonly	 ﾠa	 ﾠ
single	 ﾠ pulse	 ﾠ treatment	 ﾠ at	 ﾠ 15kV	 ﾠ cathode	 ﾠ voltage,	 ﾠ equivalent	 ﾠ to	 ﾠ a	 ﾠ total	 ﾠ surface	 ﾠ
energy	 ﾠinput	 ﾠof	 ﾠ1.38J/cm2	 ﾠ[24].	 ﾠWhilst	 ﾠthe	 ﾠsurface	 ﾠappeared	 ﾠsmoother,	 ﾠdeeper	 ﾠ
scratches	 ﾠstill	 ﾠremained	 ﾠand	 ﾠresulted	 ﾠin	 ﾠno	 ﾠchange	 ﾠin	 ﾠthe	 ﾠmeasurable	 ﾠsurface	 ﾠ
roughness.	 ﾠThis	 ﾠwas	 ﾠlargely	 ﾠconsistent	 ﾠwith	 ﾠprevious	 ﾠLAEBM	 ﾠon	 ﾠthe	 ﾠsame	 ﾠalloy	 ﾠ
by	 ﾠGao	 ﾠ[17]	 ﾠand	 ﾠOkada	 ﾠet	 ﾠal	 ﾠ[20],	 ﾠthe	 ﾠlatter	 ﾠshowing	 ﾠsharp	 ﾠedges	 ﾠresulting	 ﾠfrom	 ﾠa	 ﾠ
ball	 ﾠend	 ﾠmill	 ﾠwere	 ﾠrounded	 ﾠat	 ﾠa	 ﾠbeam	 ﾠenergy	 ﾠof	 ﾠ1.2J/cm2,	 ﾠwithout	 ﾠa	 ﾠsignificant	 ﾠ
change	 ﾠin	 ﾠthe	 ﾠoverall	 ﾠRZ	 ﾠvalue.	 ﾠAbsolute	 ﾠvalues	 ﾠof	 ﾠsurface	 ﾠroughness,	 ﾠRa,	 ﾠin	 ﾠthis	 ﾠ
study	 ﾠwere	 ﾠlower	 ﾠthan	 ﾠthat	 ﾠobserved	 ﾠby	 ﾠGuo	 ﾠet	 ﾠal	 ﾠ[18],	 ﾠhowever	 ﾠit	 ﾠmust	 ﾠbe	 ﾠnoted	 ﾠ
that	 ﾠtheir	 ﾠincident	 ﾠbeam	 ﾠenergies	 ﾠwere	 ﾠnotably	 ﾠhigher	 ﾠ(9	 ﾠJ/cm2),	 ﾠresulting	 ﾠin	 ﾠ
large	 ﾠsurface	 ﾠcrater	 ﾠformation.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
The	 ﾠsurface	 ﾠfree	 ﾠenergy	 ﾠof	 ﾠthe	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠwas	 ﾠlowered	 ﾠby	 ﾠthe	 ﾠLAEBM	 ﾠtreatment,	 ﾠ
as	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ3.	 ﾠWhilst	 ﾠthis	 ﾠcould	 ﾠbe	 ﾠconsidered	 ﾠto	 ﾠbe	 ﾠas	 ﾠthe	 ﾠresult	 ﾠof	 ﾠa	 ﾠ
reduction	 ﾠ in	 ﾠ the	 ﾠ surface	 ﾠ roughness,	 ﾠ a	 ﾠ linear	 ﾠ trend	 ﾠ was	 ﾠ not	 ﾠ observed,	 ﾠ i.e.	 ﾠ the	 ﾠ
lowest	 ﾠsurface	 ﾠroughness	 ﾠdid	 ﾠnot	 ﾠproduce	 ﾠthe	 ﾠlowest	 ﾠwetting	 ﾠangle.	 ﾠInstead	 ﾠthe	 ﾠ
optimal	 ﾠ hydrophilic	 ﾠ surface	 ﾠ was	 ﾠ obtained	 ﾠ using	 ﾠ a	 ﾠ 15kV,	 ﾠ 15	 ﾠ pulse	 ﾠ treatment	 ﾠ
suggesting	 ﾠ that	 ﾠ the	 ﾠ surface	 ﾠ wettability	 ﾠ was	 ﾠ largely	 ﾠ controlled	 ﾠ by	 ﾠ the	 ﾠ surface	 ﾠ
composition	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠtopography	 ﾠand	 ﾠsimilar	 ﾠto	 ﾠstudies	 ﾠof	 ﾠlaser	 ﾠtreated	 ﾠ
steel	 ﾠand	 ﾠtitanium	 ﾠsurfaces	 ﾠ[8,	 ﾠ9].	 ﾠThe	 ﾠenhanced	 ﾠoxide	 ﾠfilm	 ﾠof	 ﾠtitanium	 ﾠis	 ﾠwell	 ﾠ
known	 ﾠto	 ﾠbe	 ﾠmore	 ﾠhydrophilic	 ﾠdue	 ﾠto	 ﾠthe	 ﾠ–OH	 ﾠand	 ﾠ–O2-ﾭ‐	 ﾠgroups	 ﾠformed	 ﾠon	 ﾠthe	 ﾠ
outermost	 ﾠlayer	 ﾠ[25].	 ﾠ	 ﾠ
	 ﾠ
However,	 ﾠ the	 ﾠ results	 ﾠ were	 ﾠ in	 ﾠ contrast	 ﾠ to	 ﾠ LAEBM	 ﾠ treatments	 ﾠ on	 ﾠ Ti-ﾭ‐6Al-ﾭ‐4V	 ﾠ
performed	 ﾠby	 ﾠOkada	 ﾠet	 ﾠal	 ﾠ[19],	 ﾠwhere	 ﾠincreasing	 ﾠenergy	 ﾠinput	 ﾠcaused	 ﾠan	 ﾠincrease	 ﾠ
in	 ﾠthe	 ﾠsurface	 ﾠhydrophobicity,	 ﾠup	 ﾠto	 ﾠa	 ﾠmaximum	 ﾠof	 ﾠ95˚	 ﾠfor	 ﾠan	 ﾠenergy	 ﾠinput	 ﾠof	 ﾠ6	 ﾠ
J/cm2.	 ﾠThe	 ﾠprecise	 ﾠreasons	 ﾠfor	 ﾠthis	 ﾠincrease	 ﾠwere	 ﾠnot	 ﾠimmediately	 ﾠclear,	 ﾠbut	 ﾠit	 ﾠ
appeared	 ﾠthat	 ﾠincreasing	 ﾠinput	 ﾠenergy	 ﾠdensity	 ﾠper	 ﾠpulse	 ﾠdid	 ﾠnot	 ﾠhave	 ﾠthe	 ﾠsame	 ﾠ
effect	 ﾠ as	 ﾠ increasing	 ﾠ the	 ﾠ number	 ﾠ of	 ﾠ pulses	 ﾠ at	 ﾠ the	 ﾠ same	 ﾠ energy.	 ﾠ In	 ﾠ terms	 ﾠ of	 ﾠimproving	 ﾠthe	 ﾠsurface	 ﾠwettability,	 ﾠparticularly	 ﾠfor	 ﾠapplications	 ﾠin	 ﾠthe	 ﾠbiomedical	 ﾠ
sector	 ﾠwhere	 ﾠwettability	 ﾠand	 ﾠsurface	 ﾠmicro-ﾭ‐architecture	 ﾠlead	 ﾠto	 ﾠgreater	 ﾠosseo-ﾭ‐
integration	 ﾠof	 ﾠcellular	 ﾠmaterial	 ﾠwith	 ﾠimplant	 ﾠprostheses	 ﾠ[25,	 ﾠ26],	 ﾠit	 ﾠseems	 ﾠthat	 ﾠ
low	 ﾠenergy	 ﾠdosing	 ﾠof	 ﾠthe	 ﾠsurface	 ﾠwas	 ﾠpreferential.	 ﾠ
	 ﾠ
4.2	 ﾠMicrostructural	 ﾠchanges	 ﾠ
LAEBM	 ﾠof	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠsurfaces	 ﾠat	 ﾠa	 ﾠlow	 ﾠenergy	 ﾠdensity	 ﾠof	 ﾠ1.38	 ﾠJ/cm2	 ﾠresulted	 ﾠin	 ﾠno	 ﾠ
obvious	 ﾠ microstructural	 ﾠ change	 ﾠ after	 ﾠ a	 ﾠ single	 ﾠ pulse	 ﾠ treatment	 ﾠ at	 ﾠ 15kV,	 ﾠ in	 ﾠ
contrast	 ﾠto	 ﾠsamples	 ﾠtreated	 ﾠwith	 ﾠmultiple	 ﾠpulses	 ﾠat	 ﾠ15kV,	 ﾠas	 ﾠshown	 ﾠin	 ﾠFigures	 ﾠ2	 ﾠ
c)	 ﾠ and	 ﾠ d),	 ﾠ where	 ﾠ the	 ﾠ emergence	 ﾠ of	 ﾠ an	 ﾠ equiaxed	 ﾠ grain	 ﾠ morphology	 ﾠ occurred.	 ﾠ
Within	 ﾠthese	 ﾠgrains,	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠneedle	 ﾠlike	 ﾠα’	 ﾠhexagonal	 ﾠmartensitic	 ﾠphases	 ﾠ
were	 ﾠobserved	 ﾠcontained	 ﾠwithin	 ﾠprior	 ﾠβ	 ﾠgrain	 ﾠboundaries	 ﾠand	 ﾠwere	 ﾠconsistent	 ﾠto	 ﾠ
previous	 ﾠ studies	 ﾠ using	 ﾠ this	 ﾠ technique	 ﾠ [17,	 ﾠ 18,	 ﾠ 22,	 ﾠ 23].	 ﾠ The	 ﾠ formation	 ﾠ of	 ﾠ this	 ﾠ
phase	 ﾠoccurs	 ﾠdue	 ﾠto	 ﾠthe	 ﾠrapid	 ﾠquenching	 ﾠrate	 ﾠof	 ﾠthe	 ﾠnear	 ﾠsurface,	 ﾠeffecting	 ﾠa	 ﾠ
diffusionless	 ﾠ β	 ﾠ to	 ﾠ α’	 ﾠ phase	 ﾠ transformation	 ﾠ at	 ﾠ a	 ﾠ high	 ﾠ enough	 ﾠ cooling	 ﾠ rate	 ﾠ to	 ﾠ
preclude	 ﾠtransformation	 ﾠby	 ﾠnucleation	 ﾠand	 ﾠgrowth.	 ﾠCross	 ﾠsectional	 ﾠTEM	 ﾠanalysis	 ﾠ
showed	 ﾠthat	 ﾠthe	 ﾠsubsurface	 ﾠmicrostructure	 ﾠwas	 ﾠconsistent	 ﾠwith	 ﾠthe	 ﾠformation	 ﾠof	 ﾠ
martensitic	 ﾠlaths	 ﾠwithin	 ﾠ2μm	 ﾠof	 ﾠthe	 ﾠsurface	 ﾠ[27-ﾭ‐29].	 ﾠThe	 ﾠα’	 ﾠphase	 ﾠis	 ﾠsimilar	 ﾠin	 ﾠits	 ﾠ
hcp	 ﾠ structure	 ﾠ and	 ﾠ lattice	 ﾠ parameter	 ﾠ to	 ﾠ the	 ﾠ original	 ﾠ α	 ﾠ phase,	 ﾠ however,	 ﾠ the	 ﾠ
reduction	 ﾠin	 ﾠintensity	 ﾠand	 ﾠbroadening	 ﾠof	 ﾠthe	 ﾠXRD	 ﾠpeaks	 ﾠaround	 ﾠ38-ﾭ‐40˚	 ﾠin	 ﾠFigure	 ﾠ
6	 ﾠ also	 ﾠ point	 ﾠ as	 ﾠ evidence	 ﾠ to	 ﾠ the	 ﾠ presence	 ﾠ of	 ﾠ the	 ﾠ martensite	 ﾠ phase	 ﾠ and	 ﾠ are	 ﾠ
consistent	 ﾠwith	 ﾠresults	 ﾠshown	 ﾠby	 ﾠZhang	 ﾠet	 ﾠal	 ﾠ[22,	 ﾠ23,	 ﾠ30].	 ﾠ
	 ﾠ
The	 ﾠsurface	 ﾠtreated	 ﾠlayer	 ﾠwas	 ﾠof	 ﾠa	 ﾠsimilar	 ﾠthickness	 ﾠto	 ﾠother	 ﾠstudies	 ﾠof	 ﾠTi-ﾭ‐6Al-ﾭ‐4V	 ﾠ
processed	 ﾠ by	 ﾠ LAEBM,	 ﾠ exhibiting	 ﾠ a	 ﾠ sharp	 ﾠ interface	 ﾠ with	 ﾠ the	 ﾠ underlying	 ﾠ bulk	 ﾠ
material,	 ﾠ approximately	 ﾠ 2μm,	 ﾠ Figure	 ﾠ 5.	 ﾠ The	 ﾠ β	 ﾠ phase	 ﾠ peak	 ﾠ was	 ﾠ thought	 ﾠ to	 ﾠ
originate	 ﾠ from	 ﾠ further	 ﾠ from	 ﾠ the	 ﾠ surface,	 ﾠ towards	 ﾠ the	 ﾠ bulk	 ﾠ of	 ﾠ the	 ﾠ sample,	 ﾠ as	 ﾠ
Figure	 ﾠ8	 ﾠhas	 ﾠdemonstrated	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠa	 ﾠpurely	 ﾠα’	 ﾠphase	 ﾠnear	 ﾠthe	 ﾠsurface	 ﾠ
[23].	 ﾠ The	 ﾠ selected	 ﾠ area	 ﾠ diffraction	 ﾠ pattern	 ﾠ in	 ﾠ Figure	 ﾠ 8	 ﾠ which	 ﾠ indicated	 ﾠ the	 ﾠ
presence	 ﾠof	 ﾠα’	 ﾠmartensite	 ﾠtwins	 ﾠwas	 ﾠconsistent	 ﾠwith	 ﾠwork	 ﾠby	 ﾠManero	 ﾠet	 ﾠal	 ﾠ[31]	 ﾠ
who	 ﾠobserved	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠmisfit	 ﾠdislocations	 ﾠand	 ﾠlarge	 ﾠ{1101}	 ﾠtwins	 ﾠwithin	 ﾠ
α’	 ﾠ martensite	 ﾠ plates	 ﾠ resulting	 ﾠ from	 ﾠ the	 ﾠ accommodation	 ﾠ of	 ﾠ the	 ﾠ β	 ﾠ -ﾭ‐>	 ﾠ α’	 ﾠ
transformation.	 ﾠ	 ﾠ
4.3	 ﾠCorrosion	 ﾠResistance	 ﾠ
The	 ﾠ corrosion	 ﾠ resistance	 ﾠ of	 ﾠ the	 ﾠ LAEBM	 ﾠ treated	 ﾠ surfaces	 ﾠ was	 ﾠ significantly	 ﾠ
enhanced	 ﾠ in	 ﾠ 3.5%	 ﾠ NaCl	 ﾠ solution	 ﾠ compared	 ﾠ to	 ﾠ the	 ﾠ untreated	 ﾠ surface.	 ﾠ It	 ﾠ was	 ﾠ
shown	 ﾠ in	 ﾠ Table	 ﾠ 2	 ﾠ that	 ﾠ OCP	 ﾠ values	 ﾠ exhibited	 ﾠ an	 ﾠ increase	 ﾠ with	 ﾠ an	 ﾠ increasing	 ﾠ
number	 ﾠof	 ﾠpulse	 ﾠtreatments	 ﾠat	 ﾠ15kV.	 ﾠIt	 ﾠis	 ﾠwell	 ﾠknown	 ﾠthat	 ﾠOCP	 ﾠchanges	 ﾠwith	 ﾠ
immersion	 ﾠtime	 ﾠand	 ﾠcan	 ﾠbe	 ﾠused	 ﾠfor	 ﾠmonitoring	 ﾠcorrosion	 ﾠbehaviour	 ﾠof	 ﾠmetallic	 ﾠ
alloys.	 ﾠA	 ﾠrise	 ﾠof	 ﾠpotential	 ﾠin	 ﾠthe	 ﾠpositive	 ﾠdirection	 ﾠindicates	 ﾠthe	 ﾠformation	 ﾠof	 ﾠa	 ﾠ
passivating	 ﾠ film	 ﾠ and	 ﾠ a	 ﾠ subsequent	 ﾠ steady	 ﾠ potential	 ﾠ indicates	 ﾠ that	 ﾠ the	 ﾠ film	 ﾠ
remains	 ﾠ intact	 ﾠ and	 ﾠ protective.	 ﾠ A	 ﾠ drop	 ﾠ of	 ﾠ potential	 ﾠ in	 ﾠ the	 ﾠ negative	 ﾠ direction	 ﾠ
indicates	 ﾠbreaks	 ﾠin	 ﾠthe	 ﾠfilm,	 ﾠdissolution	 ﾠof	 ﾠthe	 ﾠfilm,	 ﾠor	 ﾠno	 ﾠfilm	 ﾠformation.	 ﾠIt	 ﾠwas	 ﾠ
clear	 ﾠfrom	 ﾠthe	 ﾠhigh	 ﾠresolution	 ﾠTEM	 ﾠimage	 ﾠin	 ﾠFigure	 ﾠ9	 ﾠthat	 ﾠa	 ﾠprotective	 ﾠoxygen	 ﾠ
rich	 ﾠfilm	 ﾠhad	 ﾠformed	 ﾠon	 ﾠthe	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠsample.	 ﾠThe	 ﾠregion	 ﾠindicated	 ﾠ1	 ﾠin	 ﾠthe	 ﾠ
image	 ﾠ exhibited	 ﾠ crystalline	 ﾠ lattice	 ﾠ planes	 ﾠ and	 ﾠ was	 ﾠ associated	 ﾠ with	 ﾠ the	 ﾠ α’	 ﾠ
martensite	 ﾠphase.	 ﾠRegion	 ﾠ2	 ﾠwas	 ﾠan	 ﾠapproximately	 ﾠ18nm	 ﾠthick	 ﾠoxide	 ﾠlayer,	 ﾠas	 ﾠ
indicated	 ﾠ by	 ﾠ the	 ﾠ EELS	 ﾠ spectra	 ﾠ in	 ﾠ Figure	 ﾠ 10	 ﾠ b)	 ﾠ and	 ﾠ was	 ﾠ responsible	 ﾠ for	 ﾠ the	 ﾠ
enhanced	 ﾠcorrosion	 ﾠprotection	 ﾠobserved	 ﾠfor	 ﾠthe	 ﾠLAEBM	 ﾠtreated	 ﾠsurfaces.	 ﾠThe	 ﾠ
thickness	 ﾠof	 ﾠthe	 ﾠprotective	 ﾠoxide	 ﾠfilm	 ﾠformed	 ﾠon	 ﾠtitanium	 ﾠalloys	 ﾠat	 ﾠopen	 ﾠcircuit	 ﾠ
conditions	 ﾠis	 ﾠtypically	 ﾠ1-ﾭ‐4nm	 ﾠ[29,	 ﾠ32],	 ﾠtherefore	 ﾠthe	 ﾠextent	 ﾠof	 ﾠthe	 ﾠcontinuous	 ﾠ
protective	 ﾠ passive	 ﾠ layer	 ﾠ film	 ﾠ formed	 ﾠ during	 ﾠ the	 ﾠ open	 ﾠ circuit	 ﾠ and	 ﾠ cyclic	 ﾠ
polarisation	 ﾠtests	 ﾠwas	 ﾠsignificant.	 ﾠThe	 ﾠhomogenisation	 ﾠof	 ﾠthe	 ﾠnear	 ﾠsurface	 ﾠlayer	 ﾠ
to	 ﾠa	 ﾠsingle	 ﾠphase	 ﾠα’	 ﾠstructure,	 ﾠrather	 ﾠthan	 ﾠa	 ﾠdual	 ﾠphase	 ﾠα	 ﾠ+	 ﾠβ	 ﾠwas	 ﾠbelieved	 ﾠto	 ﾠbe	 ﾠa	 ﾠ
direct	 ﾠ contributor	 ﾠ to	 ﾠ the	 ﾠ lower	 ﾠ corrosion	 ﾠ rates	 ﾠ [18].	 ﾠ Studies	 ﾠ into	 ﾠ the	 ﾠ rapid	 ﾠ
quenching	 ﾠ of	 ﾠ Ti-ﾭ‐6Al-ﾭ‐4V	 ﾠ alloys	 ﾠ have	 ﾠ shown	 ﾠ evidence	 ﾠ that	 ﾠ such	 ﾠ martensitic	 ﾠ
structures	 ﾠdo	 ﾠindeed	 ﾠexhibit	 ﾠlower	 ﾠcorrosion	 ﾠrates	 ﾠ[12,	 ﾠ29].	 ﾠ	 ﾠIt	 ﾠhas	 ﾠbeen	 ﾠshown	 ﾠ
that	 ﾠ the	 ﾠ enrichment	 ﾠ of	 ﾠ alloying	 ﾠ elements	 ﾠ vanadium	 ﾠ in	 ﾠ the	 ﾠ β	 ﾠ phase	 ﾠ and	 ﾠ
aluminium	 ﾠin	 ﾠthe	 ﾠα	 ﾠphase	 ﾠleads	 ﾠto	 ﾠpreferential	 ﾠdissolution	 ﾠof	 ﾠthe	 ﾠβ	 ﾠphase	 ﾠby	 ﾠ
chlorine	 ﾠions	 ﾠattacking	 ﾠvanadium	 ﾠoxides	 ﾠ[29,	 ﾠ33,	 ﾠ34].	 ﾠAs	 ﾠsolute	 ﾠpartitioning	 ﾠdoes	 ﾠ
not	 ﾠoccur	 ﾠduring	 ﾠa	 ﾠdiffusionless	 ﾠmartensitic	 ﾠformation,	 ﾠthe	 ﾠbenefit	 ﾠof	 ﾠa	 ﾠstable	 ﾠα’	 ﾠ
passive	 ﾠ layer	 ﾠ will	 ﾠ remain.	 ﾠ Observed	 ﾠ corrosion	 ﾠ rates	 ﾠ of	 ﾠ the	 ﾠ untreated	 ﾠ surface	 ﾠ
(923x10-ﾭ‐6mmpy)	 ﾠ were	 ﾠ similar	 ﾠ to	 ﾠ an	 ﾠ Ti-ﾭ‐Al-ﾭ‐Zr-ﾭ‐Mo-ﾭ‐V	 ﾠ alloy	 ﾠ (1041x10-ﾭ‐6mmpy)	 ﾠ
investigated	 ﾠby	 ﾠZhang	 ﾠet	 ﾠal	 ﾠ[23].	 ﾠIn	 ﾠcontrast,	 ﾠcorrosion	 ﾠrates	 ﾠof	 ﾠLAEBM	 ﾠtreated	 ﾠ
surface	 ﾠ in	 ﾠ this	 ﾠ study	 ﾠ were	 ﾠ as	 ﾠ much	 ﾠ as	 ﾠ two	 ﾠ orders	 ﾠ of	 ﾠ magnitude	 ﾠ lower,	 ﾠhighlighting	 ﾠ the	 ﾠ influence	 ﾠ of	 ﾠ differences	 ﾠ in	 ﾠ alloy	 ﾠ chemistry	 ﾠ on	 ﾠ corrosion	 ﾠ
processes.	 ﾠThere	 ﾠis	 ﾠalso	 ﾠevidence	 ﾠ[18,	 ﾠ23]	 ﾠthat	 ﾠextending	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠpulse	 ﾠ
treatments	 ﾠbeyond	 ﾠa	 ﾠcertain	 ﾠthreshold	 ﾠresults	 ﾠin	 ﾠa	 ﾠreduction	 ﾠin	 ﾠthe	 ﾠobserved	 ﾠ
corrosion	 ﾠ resistance,	 ﾠ highlighted	 ﾠ in	 ﾠ the	 ﾠ present	 ﾠ study	 ﾠ by	 ﾠ a	 ﾠ reduction	 ﾠ in	 ﾠ the	 ﾠ
corrosion	 ﾠrate,	 ﾠTable	 ﾠ2,	 ﾠfor	 ﾠthe	 ﾠ25	 ﾠpulse	 ﾠtreatment.	 ﾠThis	 ﾠmay	 ﾠbe	 ﾠdue	 ﾠto	 ﾠchanges	 ﾠin	 ﾠ
cooling	 ﾠ rate	 ﾠ associated	 ﾠ with	 ﾠ samples	 ﾠ treated	 ﾠ with	 ﾠ a	 ﾠ large	 ﾠ number	 ﾠ of	 ﾠ pulses	 ﾠ
affecting	 ﾠ the	 ﾠ resulting	 ﾠ surface	 ﾠ microstructure	 ﾠ development,	 ﾠ however,	 ﾠ clearly	 ﾠ
more	 ﾠwork	 ﾠis	 ﾠrequired	 ﾠto	 ﾠverify	 ﾠthis.	 ﾠ
5	 ﾠConclusions	 ﾠ
•  LAEBM	 ﾠ treatment	 ﾠ of	 ﾠ a	 ﾠ polished	 ﾠ Ti-ﾭ‐6Al-ﾭ‐4V	 ﾠ alloy	 ﾠ surfaces	 ﾠ resulted	 ﾠ in	 ﾠ a	 ﾠ
reduction	 ﾠ in	 ﾠ surface	 ﾠ roughness	 ﾠ and	 ﾠ an	 ﾠ improvement	 ﾠ in	 ﾠ surface	 ﾠ
hydrophilic	 ﾠbehaviour,	 ﾠalthough	 ﾠthere	 ﾠwas	 ﾠnot	 ﾠa	 ﾠdirect	 ﾠlinear	 ﾠrelationship	 ﾠ
between	 ﾠthe	 ﾠtwo.	 ﾠThis	 ﾠwas	 ﾠbelieved	 ﾠto	 ﾠbe	 ﾠthe	 ﾠresult	 ﾠof	 ﾠsurface	 ﾠchemistry	 ﾠ
effects	 ﾠas	 ﾠwell	 ﾠas	 ﾠtopography.	 ﾠ
•  For	 ﾠ treatments	 ﾠ performed	 ﾠ at	 ﾠ 15	 ﾠ and	 ﾠ 25	 ﾠ pulses,	 ﾠ a	 ﾠ homogenous	 ﾠ α’	 ﾠ
martensitic	 ﾠ surface	 ﾠ layer	 ﾠ was	 ﾠ generated,	 ﾠ characterised	 ﾠ by	 ﾠ needle	 ﾠ like	 ﾠ
features	 ﾠwithin	 ﾠprior	 ﾠβ	 ﾠgrain	 ﾠboundaries.	 ﾠ
•  The	 ﾠ surface	 ﾠ layer	 ﾠ appeared	 ﾠ to	 ﾠ significantly	 ﾠ improve	 ﾠ the	 ﾠ corrosion	 ﾠ
behaviour	 ﾠ of	 ﾠ the	 ﾠ treated	 ﾠ components,	 ﾠ in	 ﾠ some	 ﾠ cases	 ﾠ lowering	 ﾠ the	 ﾠ
corrosion	 ﾠrates	 ﾠby	 ﾠtwo	 ﾠorders	 ﾠof	 ﾠmagnitude.	 ﾠThis	 ﾠwas	 ﾠshown	 ﾠto	 ﾠbe	 ﾠthe	 ﾠ
result	 ﾠof	 ﾠa	 ﾠuniform	 ﾠand	 ﾠcontinuous	 ﾠpassive	 ﾠsurface	 ﾠfilm	 ﾠwhich	 ﾠformed	 ﾠon	 ﾠ
the	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠmartensitic	 ﾠsurface	 ﾠlayer.	 ﾠ
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